Background. Although classical Hodgkin lymphoma (cHL) is highly curable, 20%-30% of patients will not be cured with conventional treatments. The programmed death-1 (PD-1) inhibitors (PD-1i) nivolumab and pembrolizumab have been Food and Drug Administration-approved for relapsed/ refractory (R/R) cHL. There is limited data on the real-world experience with PD-1i in cHL and it is unknown whether fewer selected patients treated with PD-1i derive benefits similar to those observed in published trials. Materials and Methods. We performed a multicenter, retrospective analysis of R/R cHL patients treated with PD-1i in the nontrial setting. The primary objective was to describe progression-free survival (PFS) and overall survival (OS) in this population. Secondary objectives were to characterize response rates, toxicities, discontinuation patterns, and post-PD-1i therapies.
(CR), and partial response (PR) to PD-1i were 68%, 45%, and 23%, respectively. Twelve-month OS and PFS were 89% and 75%, respectively; median PFS was 29 months. Ninety-six percent of patients with CR continue to respond at a median follow-up of 20 months. Toxicities were similar to those previously described. Seventy percent of patients treated with systemic therapy after PD-1i demonstrated objective responses. Conclusion. To our knowledge, this analysis is the first describing real-world experience with PD-1i in cHL patients in the U.S. Here, we demonstrate similar response rates compared to prior studies. The toxicity profile of PD-1i was similar to that seen in previous studies; we further describe toxicity patterns in those with prior autoimmune disease or allogeneic transplant. Post-PD-1i systemic therapies appear active. These results support the effectiveness and tolerability of PD-1i therapy in R/R cHL in a real-world setting. The Oncologist 2019;24:955-962 Implications for Practice: Two PD-1 inhibitors have recently been approved for patients with relapsed/refractory classical Hodgkin lymphoma based on results from nonrandomized clinical trials. However, to date, there have been no studies evaluating the effectiveness and toxicity profile of these drugs in the real-world setting in the U.S. The present study demonstrates that patients treated in a real-world context experience similar rates of overall effectiveness compared with published clinical trials. Patients who discontinue PD-1 inhibitors may experience clinical responses to subsequent treatment with systemic chemotherapy or targeted therapy. This study provides clinicians with further insight into the effectiveness and tolerability of PD-1 inhibitors and suggests that when patients progress while on these drugs, conventional systemic chemotherapy may be an effective treatment option.
INTRODUCTION
Classical Hodgkin lymphoma (cHL) represents about 10% of all lymphomas in the U.S. with approximately 8,500 new cases diagnosed annually [1] . Approximately 70%-80% of patients will be cured of their disease with standard frontline chemotherapy (i.e., ABVD) with or without radiotherapy [2, 3] . For those that relapse or are refractory to upfront therapy, salvage chemotherapy followed by highdose chemotherapy and autologous stem cell transplantation (autoSCT) results in cure for an additional 10% of patients. Patients who are unable to be salvaged with autoSCT have historically had few treatment options, limited primarily to allogeneic stem cell transplantation (alloSCT), various noncurative chemotherapy regimens, and clinical trials.
There has been a dramatic shift in the treatment landscape of relapsed or refractory (R/R) cHL in recent years. The introduction of the immunoconjugate brentuximab vedotin and checkpoint inhibitors has broadened the treatment armamentarium for patients with relapsed or refractory disease [4] [5] [6] . Several clinical trials have demonstrated significant efficacy of programmed death-1 (PD-1) inhibitors in treating R/R cHL [7] [8] [9] [10] , resulting in Food and Drug Administration approval of nivolumab in 2016 and pembrolizumab in 2017.
Clinical trials of PD-1 inhibitors in R/R cHL have consistently demonstrated high response rates (about 70%), even among patients whose disease progressed on brentuximab vedotin [9] . Moreover, studies demonstrate that these responses can be durable in heavily pretreated patients [11, 12] . Although checkpoint inhibitors have demonstrated efficacy in this disease, they can be associated with significant toxicity, namely immune-related adverse events (IrAEs). The management approach to these toxicities may vary across practice settings.
Although several prospective clinical trials have demonstrated significant and durable response rates to PD-1 inhibitors in R/R cHL, there is a paucity of data evaluating the effectiveness of these agents in a real-world (i.e., nontrial) context. We hypothesized that the effectiveness of PD-1 inhibitors in a real-world population of R/R cHL patients is similar to the efficacy observed in controlled trials. In this study, we aim to characterize clinical response to PD-1 inhibitors and progression-free and overall survival, as well as the prevalence and management of IrAEs in a population of patients with R/R cHL treated with PD-1 inhibitors outside the context of study protocols. We also explore treatment alternatives and responses to therapy after progression on PD-1 inhibitors.
MATERIALS AND METHODS

Patient Selection and Study Design
We conducted a multicenter, retrospective analysis of patients with R/R cHL who received treatment with a PD-1 inhibitor outside the context of a study protocol. Patients were included in the study if they were 18 years of age or older, had R/R cHL, had received at least two prior lines of therapy, and were treated with a PD-1 inhibitor off of a clinical trial between January 1, 2014, and December 1, 2017. Patients who had received PD-1 inhibitors while on trial but were then treated with PD-1 inhibitors in an off-trial context were included in the study.
Data Collection
The study protocol was approved by the Institutional Review Board (IRB) at the University of Pennsylvania. Participating institutions obtained approval from their respective internal IRBs as dictated by institutional policy. Data were abstracted from the medical record by a coinvestigator at each participating institution who compiled and deidentified each participant's data.
Data was collected on patient demographics, diagnosis of cHL, therapies and responses prior to PD-1 inhibitor therapy, response to PD-1 inhibitor therapy, toxicities resulting from therapy with PD-1 inhibitors and the associated management of each toxicity, and post-PD-1 inhibitor treatment approaches and responses. All data were deidentified prior to release to the primary study investigator.
Study Endpoints
The primary study objective was to describe the overall survival (OS) and progression-free survival (PFS) of patients with R/R cHL treated with checkpoint inhibitors outside the context of a study protocol. OS was defined as the time from initiation of PD-1 inhibitor therapy to death or last follow-up while alive, and PFS was defined as time from initiation of PD-1 inhibitor therapy to progression or last follow-up while in remission. Secondary objectives included characterization of objective response rates, toxicities of PD-1 inhibitors, including toxicities associated with graft-versus-host disease (GVHD) in postallogeneic stem cell transplantation (SCT) patients, and the approach to management of toxicities. Response assessment was categorized according to the Lugano Classification response criteria [13] . Toxicities of PD-1 inhibitors were evaluated using National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) grading version 4.0. An additional secondary aim was to describe various treatment approaches and responses following discontinuation of PD-1 inhibitors.
Statistical Analysis
We performed descriptive analyses of patient demographics, diagnostic data, and treatment data. OS and PFS was estimated using the Kaplan-Meier method, and the log-rank test was used to assess for differences between groups. Patients who were lost to follow-up were censored on the date of their last known follow-up visit. All statistical analysis was performed using Stata 15.0 (StataCorp, College Station, TX). and were treated with a PD-1 inhibitor outside the context of a study protocol. Patient characteristics are summarized in Table 1 . Median age at diagnosis was 36 years (range, 18-81) and median age at initiation of PD-1 inhibitor therapy was 41 years (range, 20-89).
Frontline therapy was ABVD or AVD (doxorubicin, vinblastine, dacarbazine with or without bleomycin) in 46 patients (87%). Twelve patients (23%) were treated with consolidative radiation as part of frontline therapy. Response rates to frontline therapy are shown in Table 2 . Upon relapse, 31 patients (59%) were treated with ifosfamide, carboplatin, and etoposide (ICE). Five patients (9%) were treated with brentuximab vedotin (BV) as initial salvage therapy. The remaining patients were treated with multiple regimens or other less common salvage regimens. Twenty-eight (53%) and 10 (19%) patients underwent autologous SCT and allogeneic SCT, respectively, prior to checkpoint inhibitor therapy.
The median lines of treatment attempted prior to PD-1 inhibitor therapy was 4 (range, 1 to >10). The majority (62%) had received between 3-5 prior lines of therapy. Fifty-one of 53 patients (91%) were treated with brentuximab vedotin prior to receiving checkpoint inhibitor therapy. Forty-eight percent of patients demonstrated an objective response to BV ( Table 2 ). There was significant heterogeneity in the therapy given immediately prior to initiating PD-1 inhibitor therapy, with the most common being BV (19 patients, 36%), bendamustine (6 patients, 11%), and radiation therapy alone (4 patient, 8%). Thirty patients (54%) achieved an objective response (either complete response [CR] or partial response [PR]) to the line of therapy immediately prior to checkpoint inhibitor therapy ( Table 2 ). The median duration between the initiation of the line of therapy immediately preceding the PD-1 inhibitor and initiation of the PD-1 inhibitor was 6 months (range, 1-108 months).
Exposure to PD-1 Inhibitors
Fifty-two patients (98%) received nivolumab as the initial off-trial PD-1 inhibitor. The most commonly administered nivolumab dose was 3 mg/kg every 2 weeks (83%); two patients received nivolumab 3 mg/kg every 3 weeks. One patient was treated with pembrolizumab 200 mg every 3 weeks. At the time of data collection, 16 patients (31%) remained on the original PD-1 inhibitor. For those patients who remained on therapy at the data cutoff, median duration of treatment with a PD-1 inhibitor was 21 months (range, 2-34); among patients who discontinued therapy, median treatment duration was 6 months (range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Nine of the 24 patients (38%) who achieved CR remained on the original PD-1 inhibitor at the data cutoff; those with CR who discontinued the PD-1 inhibitor did so because of toxicity (4, 17%), autoSCT (2, 8%), disease progression (1, 4%), or patient or physician preference (7, 29%). Of 34 patients in the entire cohort that discontinued therapy, 14 patients (39%) had done so due to progression, 8 patients (22%) discontinued due to toxicity, 2 patients (6%) went on to autologous SCT, and the remaining discontinued due to patient preference, physician preference, or nonadherence. Dose interruptions occurred in 24 patients overall (45%). Twelve patients (50%) had dose interruption due to toxicity, five patients (21%) due to patient preference, and the remainder due either to patient nonadherence or physician preference. Dose interruption did not impact on PFS (p = .42). No patients were treated with dose reduction.
Response to PD-1 Inhibitor Therapy
The best ORR to PD-1 inhibitor therapy was 68% (45% CR, 23% PR). Only two patients (4%) were classified as having SD; 12 patients (19%) experienced PD as their best response. The median interval from initiation of PD-1 inhibitor to the best overall response was 3 months (range, 1-16). One-year OS for the entire cohort was 89% (95% confidence interval [CI:], 76-95; Fig. 1A ). Median OS for the entire cohort was not reached. Overall, 12-month PFS was 75% (95% CI, 60-85; Fig. 1A ) and median PFS was 29 months (95% CI, 21-not reached; Fig. 1B) . At 12 months, no patients who had achieved CR experienced progression, and during median follow-up of 20 months, only 1 of 24 patients who had experienced CR subsequently had disease progression. The 12-month PFS for patients who achieved PR or PD was 55% (95% CI, 22-78) and 30% (95% CI, 7-58). Neither of the two patients classified as having SD progressed during the first 12 months. For those who failed to achieve CR, the median time to progression was 18 months (95% CI, 7-not reached). Median follow-up time for the entire cohort was 13 months. Nine patients (17%) were deceased at the end of the study period. The cause of death was attributed to disease progression in three patients, sepsis in three patients, treatmentrelated AML in one patient, and was unknown in two patients.
Response to Post-PD-1 Inhibitor Therapy
Twenty-one patients went on to receive additional therapies after PD-1 inhibition (40%). Treatment regimens following PD-1 inhibitors were variable and consisted of pembrolizumab (n = 3), brentuximab (n = 3), lenalidomide Table 3 .
PD-1 Inhibitor-Associated Toxicity and Management
Among the 43 patients with no prior history of alloSCT, 22 patients (51%) experienced a total of 27 IrAEs. The most commonly reported toxicities and management strategies are shown in Table 4 . In those without a history of alloSCT, grade 3 or 4 adverse events occurred in 16% and composed 26% of all adverse events in this group. Grade 4 toxicities included encephalitis and pneumonitis; the drug was discontinued in both of these patients. Dose interruptions occurred in three patients (11%). All patients experienced improvement or resolution of toxicity and there were no deaths attributed to checkpoint inhibitor therapy. Of 10 patients who had undergone allogeneic transplantation prior to PD-1 inhibitor therapy, 6 (60%) developed GVHD. Five patients had GVHD involving the skin and one patient had both skin and liver involvement. Management approaches included topical steroids (1), systemic steroids (4), PD-1 inhibitor treatment interruption alone (2), topical tacrolimus (1) and anti-thymocyte globulin (1). The patient with liver involvement was treated with PD-1 inhibitor interruption, systemic steroids, and basiliximab. Three of these six patients were deceased at the completion of this study, all attributed to sepsis, although none of the cases were felt to be directly related to GVHD. One patient with GVHD also experienced grade 3 pneumonitis treated with systemic steroids. An additional patient who did not experience GVHD developed grade 2 aseptic meningitis that was treated with systemic steroids with resolution and was subsequently continued on treatment with a PD-1 inhibitor. Three of the 10 post-alloSCT patients (30%) developed neither IrAEs nor GVHD.
Of the four patients with a prior history of autoimmune disease (AD), three experienced IrAEs. One patient with a history of lupus experienced an infusional reaction and developed hypothyroidism. A second patient with a history of inflammatory bowel disease developed colitis. The third patient had a history of psoriasis and during PD-1 inhibitor therapy developed colitis and a psoriasis flare. These three patients have all discontinued PD-1 inhibitor therapy. In patients with no history of autoimmunity, 51% experienced toxicities related to PD-1 inhibitor therapy, compared with 75% in those with a history of autoimmunity.
DISCUSSION
Patients with R/R cHL who fail salvage chemotherapy and autoSCT are generally not considered curable and have a poor prognosis [14] . Over the last 5 years, however, the approval of several new agents has changed the treatment landscape for patients with R/R disease. Several clinical trials have evaluated the efficacy and safety of PD-1 inhibitors in patients with R/R cHL [7-9, 11, 15-17] . To our knowledge, this study represents the first retrospective, real-world analysis of checkpoint inhibitors in R/R cHL published in the U.S. We included 53 patients from nine institutions across the U.S. and evaluated survival endpoints and response rates to checkpoint inhibitor therapy, management of toxicity related to the use of checkpoint inhibitors, and the approach to treatment after progression on checkpoint blockade. At 12 months, median OS was 89% and PFS was 75% in our cohort ( Fig. 1A and 1B, respectively) , which is comparable to survival trends in the published literature from phase I and II clinical trials. Durable responses to PD-1 inhibitors have been demonstrated in several studies [10, 11, 17] . Our study extends these durability data to the real-world setting; we observed that of the 24 patients in our cohort who achieved a CR, 96% continued to be in CR at the data-cutoff, with a median follow-up of 20 months. Median PFS among patients who experienced CR was not reached (Fig. 1C) . Additionally, it has recently been recognized that patients who achieve PR to PD-1 inhibitors can experience durable responses [11, 18] . In the present study, patients who achieved PR to checkpoint inhibitors had a 55% 12-month PFS.
In published clinical trials, the ORR to checkpoint inhibitors has ranged from 65%-87% [7] [8] [9] [10] 15] . In these studies, observed CR rates are 20% or less, and PR rates are reported to be nearly 50% or more (see Table 5 ). The present study demonstrated a best overall response rate of 68%, similar to that observed in published trials; however, marked differences are noted in the reported best overall response in our cohort relative to published trial data. Forty-five percent of patients in the present study achieved a CR and 23% achieved PR (see Table 5 for comparison), representing a significant deviation from previously published results. Several possible explanations exist for the higher CR rate observed in this study. First, assessments of clinical response in the present study are made by the treating clinician, rather than a study team or independent radiology review, which may introduce bias (i.e., recall bias, misclassification bias) into this assessment. For example, it is possible that treating clinicians inadvertently applied Deauville criteria less stringently, thereby overestimating rates of CR in their patients when compared with independent reviewers. A recently published extended analysis of Table 3 . Response to post-PD-1 therapy Patient no.
Post -PD-1 inhibitor therapy  Response  13  Bendamustine  CR  38  Brentuximab  CR   50  Gemcitabine, vinorelbine, doxil  CR  2  Bendamustine  PR  22  Bendamustine  PR  32  Gemcitabine, carboplatin  PR  49  Pembrolizumab  PR  41  Lenalidomide  SD  47 Gemcitabine, oxaliplatin PD 51
Brentuximab/sirolimus PD Abbreviations: CR, complete response; PD, progressive disease; PR, partial response; PD-1, programmed death-1.
nivolumab in patients with R/R cHL who progress after autoSCT (CheckMate 205) also reported differences between independent radiology review committee (IRC) assessment and investigator assessment of response [10] . In this study, IRC-assessed ORR, CR, and PR were 69%, 16%, and 53%, respectively. Investigator-assessed ORR was similar to the IRC assessment (72%), but the investigator-assessed CR was 33%.
There may be differences in the disease biology among patients in our cohort compared with those in previously published studies. For example, only about half of the patients in our cohort underwent autoSCT prior to treatment with checkpoint inhibitors, which is significantly lower than that in published trials. Although the results of this retrospective analysis must be interpreted with caution, these data suggest that real-world outcomes in patients with R/R cHL treated with checkpoint inhibitors are similar to those reported in trials of highly selected and potentially more treatment-refractory patients. Approximately half (53%) of the patients in the present cohort experienced toxicity related to checkpoint inhibition (see Table 4 ). The most common toxicities included hypothyroidism, colitis, liver enzyme abnormalities, pneumonitis, and rash, each occurring in slightly less than 10% of patients. Encephalitis, meningitis, arthritis, and infusional reactions were less commonly observed (see Table 4 ). Our cohort included 10 patients who underwent alloSCT prior to PD-1 inhibition. The rate of GVHD (primarily skin GVHD) was high, at 60%, but there was no apparent death related to GVHD. Because the present study is a retrospective analysis, toxicities were likely under-reported compared with published clinical trials of these therapies in R/R cHL. Twenty-three percent of reported toxicities were considered to be grade 3 or 4 in severity. Drug discontinuation occurred in four patients due to grade 4 toxicity (encephalitis, pneumonitis, transaminitis, and GVHD). Dose interruptions were common and did not appear to impact on response.
The most common approach to management of checkpoint inhibitor-associated toxicity in our cohort was systemic corticosteroids, which was utilized in 40% of adverse events. All patients who developed thyroid dysfunction (n = 5) while on checkpoint inhibitors were managed with thyroid replacement. Other approaches to toxicity management included topical steroids, dose interruption or discontinuation, or observation. In general, the management of reported toxicities were in line with recently published guidelines for the management of immune-related adverse events [19] .
Patients with a history of allogeneic SCT were excluded from initial studies of checkpoint inhibitors in R/R cHL because of the concern over increased toxicity. To date, no controlled prospective studies have evaluated the safety or efficacy of checkpoint blockade in this setting, although several case reports and retrospective series have been published suggesting an increased risk of GVHD but also overall response rates as high as 85%. In our cohort, 10 patients were treated with checkpoint blockade following allogeneic SCT. Seventy percent (7 patients) had either a CR (n = 4) or PR (n = 3); response was unknown in three patients because of discontinuation prior to response assessment, in each case due to toxicity. Treatmentemergent GVHD was seen in 60% of patients (n = 6) treated with PD-1 inhibitors following allogeneic SCT. All six patients developed skin GVHD; one patient also experienced liver GVHD after a single dose of nivolumab and was treated with drug interruption, systemic corticosteroids, and basiliximab. The patient died shortly thereafter of a sepsis-like syndrome. Recently published consensus-based guidelines have been put forth regarding the use and toxicity of checkpoint inhibitors either prior to or following allogeneic SCT [20] . A history of autoimmunity has previously been thought to confer a higher risk of toxicity to PD-1 inhibitors; therefore, patients with such a history have been excluded from clinical trials with these drugs. Existing retrospective data suggests that PD-1 inhibitors can safely be used in patients with a history of AD and although flares of the pre-existing AD are common, they are often of mild severity and manageable [21, 22] . Four patients (8%) in the present cohort had a history of pre-existent AD, and three of these four patients experienced either a flare of their underlying AD or another IrAE with PD-1 inhibitor therapy. Only one grade 3 episode of colitis was observed, which was treated with systemic corticosteroids; all other IrAEs in this cohort were grades 1 or 2. All IrAEs in patients with prior AD resolved. These observations are consistent with the limited published data describing PD-1 inhibitor use in patients with AD.
As previously discussed, the overall response rate in our cohort was comparable to what has previously been reported (68%), and responses were durable. For patients who experienced disease progression or intolerable toxicity while on checkpoint inhibitors, next-line treatment options were variable, but we found that high objective response rates were seen in this group of heavily pretreated patients (median of 4 prior lines of therapy). Twenty patients (38%) received another line of therapy following treatment with a checkpoint inhibitor. Five patients were taken to either autologous or allogeneic SCT. Of the remaining 15 patients, the best overall response was known in 10 patients (5 patients had either died, were lost to follow-up, or were not on the next line therapy long enough to assess response). That 70% of patients responded to salvage therapy with systemic chemotherapy or brentuximab vedotin suggests that immunotherapy with PD-1 inhibitors may be associated with increased effectiveness of subsequent conventional salvage therapies. Although interpretation of these results is limited by the number of patients, these findings warrant larger and more systematic analyses.
The primary limitation of this study is the retrospective design, which has the potential of introducing unanticipated bias. Although we included data from nine institutions, it is important to point out that community oncology practices were not included in this analysis, which does limit the external validity of the study. Additionally, the power of the study is limited somewhat by the modest sample size which increases the likelihood of a type 2 error, although given the largely descriptive nature of the present study, this is a minor concern. clinical trials have documented high overall response rates and durable responses in patients with relapsed or refractory disease, although data supporting the effectiveness of these therapies in real-world, less selected patients is lacking. We hypothesized that PD-1 inhibitor therapy effectiveness in the nontrial setting would produce response rates and rates of survival similar to that observed in published controlled trials. Our study not only demonstrated the effectiveness of these drugs in the real-world setting but also suggests that unselected patients can achieve durable responses to PD-1 inhibition. Furthermore, the study provides some evidence that heavily pretreated patients with relapsed and/or refractory disease who progress on PD-1 inhibitor therapy can respond to systemic therapy, suggesting that checkpoint inhibitors might modify the therapeutic milieu in some way to render the disease more susceptible to conventional therapies. These results provide additional insight into the effectiveness and safety of PD-1 inhibitors in patients with relapsed or refractory Hodgkin lymphoma.
